Introduction
The Notch signalling pathway is a highly conserved key player in the regulation of fundamental cellular processes, including stem cell maintenance, control of cell differentiation, and proliferation (Artavanis-Tsakonas et al, 1999; Kopan and Ilagan, 2009) . Aberrant Notch signalling occurs in a variety of human disorders (reviewed in Miele et al, 2006; Koch and Radtke, 2007; Roy et al, 2007) . Notch signalling appears to be a short-range communication that is activated via direct cell-to-cell contacts. Membrane-associated ligands (Delta, Jagged (Serrate in Drosophila melanogaster)) have been identified that upon binding induce proteolytic cleavage, resulting in the release of the Notch intracellular domain (NICD). NICD subsequently translocates to the nucleus and activates transcription of Notch target genes. NICD does not bind to DNA by itself but interacts with the DNA-binding protein recombination signal sequence-binding protein Jk (RBP-J), also called CSL (CBF-1, Su(H), LAG1)) (Tamura et al, 1995) .
In the absence of NICD in the nucleus, RBP-J inhibits transcription of Notch target genes by recruiting repressor complexes. A number of components of the repressor complexes have been identified so far (Borggrefe and Oswald, 2009) , including Mint/SHARP (Oswald et al, 2002; Kuroda et al, 2003) , CtBP (Morel et al, 2001; Oswald et al, 2005) , ETO (Salat et al, 2008) , HDAC activity (Kao et al, 1998) , and H3K4 demethylase activity (Moshkin et al, 2009; Liefke et al, 2010) . When NICD is present in the nucleus, RBP-J-corepressor complexes disassemble. NICD and RBP-J form the core of a transcriptional activator complex that enables transcription of Notch target genes. The transcriptional activation includes amongst others the function of the Mastermind-like coactivator as well as HAT activity (Wu et al, 2000; Oswald et al, 2001; Wallberg et al, 2002; Wilson and Kovall, 2006) . Subsequent NICD phosphorylation, ubiquitination and proteosomal degradation leads to a rapid termination of the Notch signal (Fryer et al, 2004) .
Notch signalling can be modulated on different levels of this pathway. It mainly takes place at the level of the Notch receptor and its ligands. Mechanisms include temporally and spatially restricted expression of ligand and receptor, ligand endocytosis and trafficking, availability and state of the receptor on the cell surface, and proteolytic events that finally result in the release of NICD (Bray, 2006; Fortini, 2009 ). However, the transcription factor RBP-J may represent a second regulatory bottleneck of Notch signalling, as it is the crucial component for recognition of the DNA target sequences in both, the repressor complex and activator complexes.
Here, we report for the first time a potential mechanism modulating the Notch signalling pathway on the level of the RBP-J transcription factor. We identify and functionally characterize RBP-J interacting and tubulin associated (RITA) (C12ORF52) as a novel RBP-J-interacting protein. RITA is a highly conserved, 36 kDa protein that has no significant homologies to any other protein. We identify a tubulininteraction domain, a functional nuclear localization signal (NLS), a nuclear export signal (NES), and the RBP-J-interaction domain. On a functional level, RITA interferes with Notch-and RBP-J-mediated transcription. It is subject to rapid nucleo-cytoplasmic shuttling and, most importantly, mediates the nuclear export of RBP-J to tubulin fibres. In Xenopus laevis RITA counteracts the transcriptional activation of Notch target genes and the resulting loss of primary neurogenesis induced by dominant active Notch-1. This observation points to a novel regulatory function on the Notch signalling pathway in vivo: RITA induces nuclear export of RBP-J and thereby may function as a negative modulator of an activated Notch signalling pathway via the regulated shuttling of RBP-J.
Results
In order to identify RBP-J-interacting proteins, we performed a yeast two-hybrid screen on a human embryonic brain library, using the human splice variant RBP-2N as a bait. We identified a 618-bp open reading frame fused to the Gal4 activation domain. BLAST searches revealed an identity to the not yet characterized hypothetical protein C12ORF52 (FLJ14827, NM_0328489). We named this novel 269 amino acid (aa) protein RITA (Supplementary Figure S1) .
RITA physically interacts with RBP-J
Interaction of RITA with RBP-J was first confirmed in vitro by using GST pull-down assays in a cell-free system ( Figure 1A ). The radiolabelled full-length RBP-J interacted specifically with a bacterially expressed GST-RITA fusion protein (lanes 3 and 4). GST-SHARP(2002-3664) (Oswald et al, 2002) served as a positive control for RBP-J interaction (lanes 7 and 8). No interaction was detectable with glutathione-sepharose beads (lane 2) or with GST alone (lanes 5 and 6).
To examine the interaction between RITA and RBP-J in a cellular context, we performed immunoprecipitation experiments on a cellular background. HEK293 cells were transiently transfected with various Flag-tagged RITA expression plasmids ( Figure 1B) . Expression of was tested by western blotting (Figure 1B, lower) . After incubation of lysates with an anti-Flag antibody, coimmunoprecipitated endogenous RBP-J proteins were detected using an anti-RBP-J antibody ( Figure 1B , lanes 2-6, upper). RBP-J was coimmunoprecipitated even with the smallest RITA fragment employed in this experiment (aa 65-155) . By contrast, RBP-J was not coimmunoprecipitated from untransfected HEK293 lysates ( Figure 1B , lane 1) or from HEK293 lysates transfected with an empty Flag construct (not shown).
To locate and characterize the RBP-J-binding domain within the RITA sequence, HEK293 cell lines were established, stably expressing RITA proteins and fragments fused to GFP. Coimmunoprecipitation experiments were performed using an anti-GFP antibody. Again, endogenous RBP-J protein was coimmunoprecipitated from HEK293 lysates expressing either GFP-RITA(wt) or GFP-RITA (aa 1-257 ¼ DTub) ( Figure 1C , lanes 1 and 2). However, RBP-J was not coimmunoprecipitated from lysates expressing a GFP-RITA protein, where aa 128-156 are deleted, GFP-RITA-DRBP ( Figure 1C, lane 3) or from lysates expressing GFP alone ( Figure 1C, lane 4) . Therefore, aa 128-156 appear to be involved in the RBP-J interaction.
To identify the domains of RBP-J that are interacting with RITA, RBP-J fragments (aa 1-315, aa 166-487, and aa (Kovall, 2008) . We conclude that NICD and RITA bind to the BTD of RBP-J.
RITA interferes with Notch-1 and RBP-VP16-mediated transcription
To study the effects of RITA on the transcriptional regulation of a Notch target gene, luciferase experiments were performed in HeLa cells using an HES1-specific reporter construct together with expression plasmids for mNotch-1DE, RBP-VP16, RITA, and RITA proteins defective in RBP-J interaction ( Figure 2 ). As shown previously (Oswald et al, 2005; Salat et al, 2008) , expression of the dominant active form of mNotch-1 (Notch-1DE) strongly activated the HES1 luciferase reporter. Additional expression of increasing amounts of RITA gradually impaired transcriptional activity from the reporter. This appeared to be specific, as expression of RITA proteins lacking the RBP-J-interaction domain (RITA 156-269 and RITA-DRBP) had no effect on Notch-1DE-mediated transcriptional activation (Figure 2A ). Similar effects on HES1 promoter activity were observed with a transcriptional activator RBP-J protein (RBP-VP16). Again, transcriptional activation was lost after coexpression of RITA, but not after coexpression of interaction-defective RITA proteins ( Figure 2B ). Similar results were obtained, when a luciferase construct with 12 RBP-J-binding sites in front of a minimal promoter (pGa981/6) was used (data not shown).
RITA is a tubulin-binding protein
We studied the subcellular localization of RITA by fluorescence microscopy on HeLa cells transfected with a construct coding for RITA fused to GFP. Surprisingly, the RITA-GFP fusion protein showed a fibrillar localization in interphase cells (Figure 3Aa ). Costaining of GFP-RITA-transfected cells with an anti-a-tubulin antibody showed clear regions of colocalization in interphase cells (Figure 3Ab and c) as well as in dividing cells (Figure 3Ad , e, and f), suggesting that RITA associates with tubulin. Similar structures were detected with immunofluorescence assays using Flag-tagged RITA constructs (data not shown). Upon treatment of transfected cells with nocodazole, which interferes with the polymerization of microtubules, the fibrillar staining disappeared within 2 h (Supplementary Figure S3A ; Supplementary Movie S1). During mitosis, GFP-RITA highlighted the spindle apparatus ( Figure 3Ad ). In dividing HEK293 cells stably expressing GFP-RITA, labelling of the microtubule organizing centre and the mitotic spindle apparatus was observed (Supplementary Figure S3B ; Supplementary Movie S2). A similar localization of GFP-RITA was found in dissociated embryonic cells from X. laevis (Supplementary Figure S3C) . GST pull-down assays were performed using purified bovine a-/b-tubulin as well as lysates from HEK293 cells ( Figure 3B ). GST-RITA interacted with bovine tubulin as confirmed by western blotting using the anti-a-tubulin antibody ( Figure 3B , right, lane 1). In lysates from HEK293 cells, both endogenous a-tubulin and endogenous RBP-J protein were pulled down with GST-RITA(wt) ( Figure 3B , right, lane 2). RBP-J and tubulin interact with different domains of RITA, as the GST-RITA(DTub) lost tubulin-binding capacity, but still interacted with RBP-J ( Figure 3B , right, lane 5). In contrast GST-RITA(156-269) failed to bind RBP-J, but still interacted with tubulin ( Figure 3B , right, lane 7). Neither a-tubulin nor RBP-J interacted with GST alone ( Figure 3B , right, lanes 3, 4, and 6).
The region of RITA that confers the tubulin interaction was confirmed by fluorescence microscopy after transfection of GFP-RITA deletions into HeLa cells. The C-terminal truncated RITA (1-257, DTub) ( Figure 3C , middle panel) showed diffuse localization mainly in the cytoplasm, whereas an N-terminal truncated RITA (156-269; Figure 3C , right panel) showed a tubulin-like localization similar to full-length RITA (1-269; Figure S3D ). These results demonstrate that (i) RITA localizes at tubulin structures, (ii) it interacts directly with tubulin, and (iii) tubulin and RBP-J interaction occur at separate domains of RITA.
RITA localizes at centrosomes
In fluorescence microscopy images of RITA, we noticed specific punctate structures in the cells, possibly centrosomes. Thus, we probed for colocalization of RITA with different centrosomal markers (Figure 4) . Indeed, the GFP-RITA spots ( Figure 4A , upper, left) colocalized with antibody-labelled pericentrin ( Figure 4A , lower, right). Whereas the pericentrin antibody labelled an extended region around the centrosomes ( Figure 4B , middle), RITA could only be detected in two clearly distinct substructures ( Figure 4B , left), suggesting that RITA localizes directly at the centrioles. A 3D reconstruction of pericentrin/RITA localization at the centrosomal region is shown in Supplementary Movie S3. Centrosomal localization of RITA was also shown using an antibody against the NIMA-related protein kinase Nek2, which is known to localize at centrosomes (Fry et al, 1998) ( Figure 4C ), and in live HeLa cells transfected with GFP-RITA and g-tubulin fused to the red fluorescent protein mRuby ( Figure 4D ).
RITA is subject of rapid nucleo-cytoplasmic shuttling
We observed that some of the RITA deletion mutants localized in the nucleus, suggesting that RITA may undergo nuclear import and export processes. Indeed, GFP-RITA expressing cells treated with the nuclear export inhibitor leptomycin B (LMB), displayed GFP-RITA localization in the nucleus within 60 min (Figure 5Ae ). We obtained similar results using HEK293 cells stably expressing GFP-RITA (Supplementary Movie S4). Nuclear accumulation was independent of tubulin binding, because RITA(DTub), which only shows diffuse localization in the cytoplasm (compare Figure 3C , middle panel, and Supplementary Figure S3D , middle panel), also accumulated in the nucleus after LMB treatment (Supplementary Movie S5). In contrast, an N-terminally truncated form of RITA (aa 25-269) binds to microtubules but shows enhanced nuclear localization even without LMB treatment (Supplementary Movie S6). We searched for an NLS within RITA, using the four deletion constructs shown in Figure 5B . RITA (aa 85-269) shows nuclear accumulation (Figure 5Ab ), which is enhanced only marginally after LMB treatment (Figure 5Af ). In contrast, RITA (aa 105-269) shows tubulin association (Figure 5Ac ) and, remarkably, fails to accumulate in the nucleus after LMB treatment (Figure 5Ag ). An N-terminally and C-terminally truncated RITA (aa 25-155) fails to bind to tubulin and locates to the nucleus even without LMB treatment ( Figure  5Ad and h). From these experiments, we conclude that the region between aa 85 and 105 may contain a putative NLS. Alignment with a canonical NLS from SV40 large T-antigen (TAg) revealed a similarity of basic amino acids within this region ( Figure 5C ). Cells transfected with a C-terminal fusion of the identified peptide sequence (L T P R K K N K Y) in tandem to GFP showed nuclear staining (Figure 5Db ). In addition, the RKK to AAA substitution in GFP-RITA(NLSmut) did not show nuclear accumulation after LMB treatment (compare Figure 5Dc and d) . These data clearly prove the presence of a functional NLS.
A putative NES was identified within the N-terminal region of RITA proteins from different species (including X. laevis and human) by the netNES 1.1 software (la Cour et al, 2004) ( Figure 6A ). The presence of the NES was verified by site-directed mutagenesis of RITA from both species. Substitution of critical amino acids (asterisks in Figure 6A , lower) to alanine resulted in nuclear accumulation of GFP-xlRITA(NESmut) ( Figure 6B , middle panel) and GFPhsRITA(NESmut) ( Figure 6B , right panel) without LMB treatment. Consequently, (i) RITA is a nucleo-cytoplasmic shuttle protein, (ii) nuclear import of RITA is mediated by an NLS consisting of aa 92-100, and (iii) a functional NES at the N-terminus mediates nuclear export.
RITA mediates nuclear export of RBP-J, but not of NICD
We showed that RITA interacts with RBP-J and is involved in rapid nucleo-cytoplasmic shuttling, which raises the question, if RITA colocalizes with RBP-J in the nucleus. RBP-J, fused to the red fluorescent protein mRuby (Kredel et al, 2009) , showed nuclear localization (Figure 7Aa, e, and i) . Surprisingly, when GFP-RITA(wt) was coexpressed with mRuby-RBP-J, both proteins were observed in the cytoplasm at tubulin fibres (Figure 7Ab , f, and j). After coexpression with RITA-DRBP, RBP-J was found in the nucleus, whereas RITA still localized at the tubulin fibres (Figure 7Ac, g, and k) . And finally, GFP-RITA(wt) and mRuby-RBP-J colocalized in the nucleus after LMB treatment (Figure 7Ad, h, and l) . Endogenous RBP-J was assayed in nuclear and cytoplasmic fractions of HEK293 cells after RITA overexpression ( Figure  7B and C) or knockdown ( Figure 7D and E). Overexpression of RITA(wt) and RITA(DTub), but not of GFP alone, resulted in an increase of cytoplasmic RBP-J and a decrease of nuclear RBP-J ( Figure 7B , lanes 4 and 6, densitometric measurements in 7C). Conversely, knockdown of endogenous RITA by two siRNAs ( Figure 7D , left) resulted in decrease of cytoplasmic and increase of nuclear RBP-J proteins ( Figure 7D , right, lanes 5 and 6, densitometric measurements in 7E). Interestingly, RITA expression did not change the subcellular localization of NICD (Supplementary Figure S4A) , indicating the absence of a RITA-RBP-J-NICD complex. In addition, we find that RITA prevents formation of a RBP-J/NICD complex (Supplementary Figure S4B) . Cell-free synthesized RBP-J and NICD were used in a modified GST pull-down-Co-IP assay. RBP-J alone or combined with NICD was added to GST (Supplementary Figure S4B, lanes 1-3) or GST-RITA (Supplementary Figure S4B, lanes 4-6) . RBP-J was only coprecipitated with NICD in the absence of GST-RITA (Supplementary Figure S4B, lanes 3 and 7) . These results clearly indicate that RITA modulates the nuclear export of RBP-J and protects RBP-J from NICD loading.
RITA expression reverses Notch-induced loss of primary neurogenesis in Xenopus laevis
A search for homologous sequences in other species yielded RITA proteins in many different organisms, representing a broad range of the metazoan phylum and including the placozoan Trichoplax adhaerens (Supplementary Figure  S5A) . Tubulin association as well as physical interaction of Trichoplax RITA (taRITA) and RBP-J (taRBP) are conserved (Supplementary Figure S5B and C) . We did not find RITA protein sequences in D. melanogaster by BLAST searches. However, Drosophila Su(H), the homologue of RBP-J, interacts with human RITA in GST pull-down assays (Supplementary Figure S5D ), suggesting that a functional homologue of RITA also exists in flies. Expression analysis in mouse embryos and adult tissue indicates a ubiquitous expression of RITA, although the levels vary in different tissues (Supplementary Figure S6A and B) . In embryos of the amphibian X. laevis, maternal expression of RITA is detected. Zygotic expression levels are low during gastrula stages and then increase during neurula stages (Supplementary Figure  S6C) . Analysis of the spatial expression pattern by quantitative PCR on embryonic fragments (Supplementary Figure  S6D) and by whole-mount in situ hybridization at neurula and tadpole stages (Supplementary Figure S6E) indicate a ubiquitous spatial expression. The temporal expression pattern suggests that RITA may be a component of the Notch signalling pathway during neurogenesis. To test this hypothesis, we first verified that the RBP-J/RITA interaction is conserved for the X. laevis proteins (Supplementary Figure  S7A and B) . Subsequently, we analysed how manipulations of RITA, as a putative novel modulator of the Notch signal transduction pathway, affects neurogenesis and organogenesis in Xenopus embryos. Numbers for the following experiments are listed in Supplementary Table S3 .
We pursued a loss-of-function approach. Antisense morpholino oligonucleotides against the start of the RITA Figure S7C) . In vivo, a clear reduction of the neuronal marker N-tubulin was observed at neurula stage 15 after morpholino injection, but not in controls without morpholinos ( Figure 8A, upper) . Changing the morpholino sequence in five positions (MOb), thereby reducing its affinity to RITA mRNA, abolished this effect. Moreover, a standard control The inhibition of N-tubulin expression at stage 15 by the MOa is compensated by coinjection with RITA(wt). This effect is absent in both, the construct deficient of RBP-J binding ( þ RITA(DRBP)) and the NLS-mutated construct ( þ RITA(NLSmut)), but it is mimicked by the tubulin binding deficient RITA(DTub). (F) Influence of different RITA constructs on the effects of Notch-1DE. The inhibition of N-tubulin expression by Notch-1DE (N1DE) is antagonized by coinjection with RITA(wt). Again, this is mimicked by RITA(DTub), but neither by RITA(DRBP) nor by RITA(NLSmut). (G) RITA(wt) restores missexpression of Notch target genes after injection of the constitutive active mNotch-1DE. Upregulation of xEsr-1, xEsr-2, xEsr-7, xEsr-10, and downregulation of N-tubulin after Notch-1DE injection (N1DE) was rescued by coinjection with a low dose of RITA(wt) (N1DE þ RITA(wt)) that solely did not show effects (RITA(wt)). Mean values and standard error of the mean (error bars) based on three experiments are shown. Numbers of injected embryos and phenotypes for (A-D) are listed in Supplementary Table S3. (H) Schematic drawing of identified domains within RITA. Numbers (of amino acids) indicate positions in respect of human RITA. NES nuclear export signal, RCR1 and RCR2 RITA conserved repeats, NLS nuclear localization signal, RBP-binding domain, Tubulin-binding domain. ceratohyale), reduced branchial arches, and a deformation of the intestine (Figure 8A , lower). Oedemas were observed regularly, axial structures were not significantly affected (not shown). Effects of MOb injections were much milder, showing an almost normal phenotype, ctMO-injected embryos looked like not injected controls ( Figure 8A) .
A gain-of-function approach by injecting RITA(wt) mRNA showed dose-dependent responses ( Figure 8B ). RNA doses of o100 pg per embryo resulted in normal N-tubulin patterns at stage 15 and a normal phenotype at stage 45. Doses 4100 pg induced gastrulation defects and an apparent increase of N-tubulin expression ( Figure 8B, upper) . Identical results were obtained with mRNA encoding the Flag-tagged form of RITA(wt) (not shown). Stage 45 tadpoles assembled defects of many organ systems, including eyes, CNS, head and axial skeleton, and intestine ( Figure 8B, lower) . A dose 4300 pg RITA mRNA per embryo was lethal before the end of neurulation (not shown).
The specificity of the RITA knockdown phenotypes was further supported by an experiment attempting to override the MOa effect by injection of an MO-insensitive mRNA, using a Flag-tagged RITA(wt) construct. As the MOa sequence is not close to the start of translation of this construct, the inhibition is inefficient (Supplementary Figure S7C) . A low dose of Flag-tagged RITA mRNA (40 pg per embryo) did not have any visible effect, if injected solely. However, this dose was entirely sufficient to compensate the effects of MOa injections, as shown by a normal N-tubulin expression at stage 15 and normal phenotypes at stage 45 ( Figure 8C) .
Activation of the Notch signalling pathway by the Delta ligand results in a process called lateral inhibition during neurogenesis (Chitnis, 1995; Chitnis et al, 1995) . In line with this process, injection of mRNA encoding a dominant active form of Notch-1 (Notch-1DE) resulted in a reduced number of primary neurons (Oswald et al, 2002) . We tested the functional role of RITA as a negative modulator of Notch signalling by performing coinjection experiments using Notch-1DE together with RITA(wt). Importantly, coinjections with fairly low doses of RITA(wt) mRNA (100 pg per embryo) were indeed efficient to antagonize the effects of the constitutive active Notch-1DE on N-tubulin expression at stage 15 and phenotypes at stage 45 ( Figure 8D ). To further investigate the function of RITA as a negative modulator of the Notch signalling pathway, mRNA synthesized from different MOinsensitive flag-tagged constructs was injected into Xenopus embryos in combination with either MOa or in combination with the constitutive active Notch-1DE (N1DE). As shown above, RITA(DTub) is defective in tubulin binding, RITA(DRBP) is defective in RBP-J binding, and in RITA(NLSmut) nuclear localization is disabled. Whereas RITA(DRBP) and the RITA(NLSmut) mRNAs lost the ability to restore the MOa effects on N-tubulin expression, RITA(DTub) mRNA mimicked the rescue effect of RITA(wt) ( Figure 8E ). Therefore, restoration depends on nuclear localization and on RBP-J binding of RITA, but not on its ability to interact with tubulin. Consistently, in coinjection experiments with Notch-1DE, antagonistic effects were obtained from RITA(DTub) and from RITA(wt). RITA(DRBP) and the RITA(NLSmut) failed to restore the N-tubulin expression, confirming the necessity of both, nuclear localization and RBP-J interaction of RITA ( Figure 8F ). In addition, quantitative PCR analysis revealed that the transcriptional activation of several Notch targets (xEsr-1, xEsr-2, xEsr-7, xEsr-10, xHesR1) by dominant-activated Notch-1DE as well as the resulting downregulation of N-tubulin was reversed after coinjection of RITA(wt) ( Figure 8G ).
In summary, the RITA-specific gain-of-function and loss-offunction experiments in X. laevis show strong effects on Notch targets during embryogenesis. Most importantly, in agreement with reporter-gene assays in cell culture, RITA acts as a negative modulator of the Notch signalling pathway. This function of RITA depends on both, nuclear localization and RBP-J-interaction domains, but not on the ability to bind to tubulin.
Discussion
In this study we present the novel, highly conserved RBP-Jinteracting protein RITA. Identified domains are depicted in Figure 8H . We show that besides interaction with RBP-J, RITA interacts with microtubules and locates at the centrosomes. On a molecular level, RITA undergoes a rapid nucleo-cytoplasmic shuttle process and transports RBP-J out of the nucleus to tubulin fibres. We propose that it thereby limits the amount of nuclear RBP-J. On a functional level, RITA affects Notch-mediated transcription and primary neurogenesis. From our data, we postulate that RITA acts as a negative modulator of Notch signalling, representing a novel regulatory mechanism on the level of DNA binding.
RITA-RBP-J interaction
Experiments with deletion constructs demonstrate that the central part of RITA is necessary for RBP-J interaction ( Figure 1B ). RITA interacts with the BTD of RBP-J (Supplementary Figure S2) . We do not have evidence that RITA forms a ternary complex with RBP-J and NICD. In contrast to the colocalization of RITA and RBP-J (Figure 7) , NICD remains localized in the nucleus, when RITA is accumulated at the tubulin fibres (Supplementary Figure S4A) . Notch proteins form a high-affinity RBP-J-interaction module with their RBP-J association module (RAM) domain. A highly conserved W-X-P motif within the RAM domain contributes to the interaction with the RBP-J BTD (Tamura et al, 1995) . Interestingly, we also find a W-X-P motif within the RBP-J-interaction domain of RITA proteins from various species (Supplementary Figure S5A) . This W-X-P motif within RITA may contribute to RBP-J interaction and thereby compete against the NICD binding to RBP-J (Supplementary Figure S4B) .
Identification of specific domains within RITA
Initially, we could not identify conserved domains within RITA using bioinformatics tools. Microscopic and biochemical analysis revealed that RITA interacts with tubulin. The C-terminus turned out to be essential for tubulin binding, as a deletion of the last 12 aa resulted in a diffuse cytoplasmic localization (Figure 3) . This is further supported by the fact that a RITA protein N-terminally fused to EGFP lost its tubulin-binding capability (not shown), and the high conservation of the last amino acids within different species (see Supplementary Figure S5A) . A carboxy-terminal fusion of the last 14 aa of human RITA to EGFP did not bind to tubulin (not shown), suggesting that the C-terminus of RITA is necessary, but not sufficient for the tubulin interaction. However, aa 156-269 of human RITA are sufficient for tubulin binding (see Figure 3C ), indicating that additional sequences mediate tubulin binding. RITA also localizes at the centrosomes (Figure 4) . The region responsible for this interaction appears to differ from the one that confers binding to a-/b-tubulin, as a carboxy-terminally truncated RITA protein (aa 1-257) still localizes at the centrosomes (Supplementary Movie S1). The biological function of RITA at the centrosomes is not yet clarified. A recent study has shown a role of centrosome inheritance during asymmetric cell divisions in the developing brain, maintaining neural progenitor cells in the neocortex (Wang et al, 2009) . One could speculate, if RITA has a role in this context.
RITA rapidly accumulates in the nucleus after inhibition of nuclear export by LMB. This behaviour indicates that the subcellular localization of RITA depends on nuclear import and export processes. We identified a functional NLS together with a functional NES within RITA, mediating nucleo-cytoplasmic shuttling (Figures 5 and 6 ). In addition, nuclear transport of RITA is an essential prerequisite for its function in X. laevis primary neurogenesis ( Figure 8E and F). Similarly to human RITA, the RITA proteins from X. laevis and T. adhaerens accumulate in the nucleus after LMB treatment of transfected cells (not shown).
How is the nuclear-cytoplasmic shuttle process of RITA regulated? It has been shown previously, that RBP-J/CSL proteins can be detected in the nucleus as well as in the cytoplasm and their subcellular distribution changes in defined physiological contexts Zhou and Hayward, 2001; Krejci and Bray, 2007) . Here, we provide clear evidence that RITA mediates this redistribution. Most signalling pathways make use of limiting their central transcription factors in the nucleus to activate, modulate, or fine-tune their transcriptional output. Regulation of subcellular localization of RBP-J by RITA may depend on phosphorylation/dephosphorylation of RITA. Besides the C-terminal sequences, the NLS, and the W-X-P motif, two highly conserved, almost identical amino acid stretches (RITA Conserved Repeat 1 and 2 (RCR1 and RCR2 in Figure 8H and Supplementary Figure S5A) ) can be exclusively identified within RITA proteins. RCR1 and RCR2 show the consensus motif S-Y-X-D-E-(S/T)-L-F-G, which could represent specific protein-protein interaction motifs or target sites for posttranslational modifications. Indeed, RITA is highly phosphorylated (not shown). A database search for putative kinases, using the Minimotif Miner (MnM 2.0) software (Balla et al, 2006) , revealed target sites for several serine/threonine kinases. Therefore, yet not specified kinases and phosphatases may mediate RITA action in regulating the subcellular localization of RBP-J.
Consequences of limiting the amount of nuclear RBP-J by RITA RBP-J is a key element in the regulation of transcription by Notch signalling. After nuclear translocation, NICD interacts with RBP-J and recruits a coactivator complex to activate transcription of Notch target genes. The transcriptional response to NICD may be controlled by the amount of RBP-J in the nucleus. In addition, NICD was reported to interact with nuclear components of additional signal transduction pathways. Especially crosstalk between Notch signalling, NF-kB signalling, and TGFb signalling have been described (Kluppel and Wrana, 2005; Osipo et al, 2008; Poellinger and Lendahl, 2008) . Given the fact, that after signal activation NICD is found at very low concentrations in the nucleus, the abundance of its major interaction partner RBP-J might be critical for functional association of NICD with additional nuclear factors. Therefore, regulation of the subcellular distribution of RBP-J by RITA and, as a consequence, its concentration in the nucleus, might be critical for the crosstalk of Notch signalling with other pathways. In this regard, it will be interesting to see differential expression of RITA during development and disease and to find correlations to possible changes in Notch target gene expression.
RITA modulates early organogenesis in Xenopus laevis
The Notch signalling pathway affects many different developmental processes, most prominently the effect on primary neurogenesis Wettstein et al, 1997) . Moreover, effects on germ layer formation (Abe et al, 2005; Contakos et al, 2005) , somitogenesis (Jen et al, 1997; Davis et al, 2001) , development of heart Miazga and McLaughlin, 2009), pronephros (McLaughlin et al, 2000) , head structures and eyes (Onuma et al, 2002; Ogino et al, 2008) , and axial structures (Lopez et al, 2003) have been described in X. laevis and other organisms. A loss-offunction approach, using a morpholino against RITA, and RITA gain-of-function experiments resulted in defects that are in correspondence with Notch overexpression phenotypes. An initial analysis in mouse shows highest levels of RITA expression in several of the organs that are affected by Notch pathway manipulations, for example brain, heart, muscle, kidney, and intestine (Supplementary Figure S6A and B) . In accordance with a function of RITA as regulator of Notch signalling are the rescue experiments. A RITA mRNA coinjection in Xenopus embryos restored all observed effects of a constitutive active Notch construct Notch-1DE, including restoration of the N-tubulin expression, phenotypical effects, and changes in the expression levels of known downstream targets of the Notch signalling pathway.
These results and overlapping expression patterns of RITA and Notch strengthen the paradigm that RITA acts as a general negative modulator of an activated Notch signalling pathway. RITA may do so by interacting with RBP-J, regulating its cytoplasmic/nuclear localization and consequently modulating the Notch-dependent transcriptional response. This general molecular mechanism, that is the regulated targeting of a transcription factor in or out of the nucleus by posttranslational modifications or a specific inhibitory protein, is now for the first time indicated within the Notch signalling pathway.
Materials and methods

Oligonucleotides
A list of all oligonucleotides used for plasmid construction and realtime PCR and the morpholino sequences, used for a specific knockdown in X. laevis, are included in Supplementary data.
Yeast two-hybrid screening
Yeast two-hybrid screening was carried out with the MATCHMAKER system (Clontech) according to the manufacturer's instructions as described previously (Oswald et al, 2002) .
